Three bands of proteinase activity (Rf values of 0.5, 0.6, and 0.7) were detected on activity-stained gels after native gel electrophoresis of carrot (Daucus carota L. cv US-Harumakigosun) suspension cells. After the induction of somatic embryogenesis, one activity band (0.7 band) rapidly disappeared; the 0.6 band was absent at the heart-shaped embryo stage. However, the intensity of the 0.5 band increased during embryogenesis. An additional band (0.25 band) appeared after the torpedoshaped stage. Three bands (0.25, 0.5, and 0.6) were also detected in zygotic seeds. Two activity bands (0.5 and 0.6) were classified as cysteine proteinases based on sensitivities to N-Ethylmaleimide (NEM) or L-3-transCarboxyoxirane-2-Carbonyl-L-Leucyl-Agmatine (E-64). To find candidate genes for the cysteine proteinases, we cloned seven cDNAs encoding putative cysteine proteinases from suspension cells and developing somatic embryos. The expression patterns of the seven genes were categorized into three types (Type A, mRNAs increase concomitantly with somatic embryogenesis; Type B, mRNAs decrease quickly in organized cells; Type C, no significant change in transcript level during somatic embryogenesis).
Somatic embryogenesis in higher plants is a highly organized process of embryo development from a cell suspension. Since the first observation of carrot somatic embrogenesis, 1, 2) many studies have focused on understanding the mechanism(s) of induction and development in somatic embryos. Molecular biological techniques and mutant analyses have revealed that the expression of several genes is required for development to proceed. [3] [4] [5] [6] [7] However, it is still unclear how proteins that are no longer appropriate during embryogenesis are controlled and degraded.
Many reports have shown the existence of several proteinases or their mRNAs in developing zygotic embryos. For example, asparaginyl endopeptidase as a cysteine proteinase has been found in several developing legume seeds including jackbean, soybean, mung bean, peanut, and kidney bean. 8) Other cysteine proteinases or several subtilisin-like serine proteinases and their mRNAs also have differential developmental patterns during seed maturation in tung, 9) Vicia, 10, 11) soybean, [12] [13] [14] and peanut. 15) Many of these enzymes must be stored in protein bodies and degrade storage proteins during/after germination. Some proteolytic enzymes function to limit proteolysis of precursor polypeptides destined for depositing in the protein bodies of developing seeds. 16) Recently, a protease cascade has been described as a component of a signal transduction pathway in the embryonic pattern formation of the fruit fly, Drosophila. [17] [18] [19] [20] [21] Although the developmental program of insects is completely different from that of plants, it is possible that proteinases may contribute to plant embryogenesis. Indeed, a few proteinases have been reported to play roles in cell differentiation during zygotic embryo formation. For example, calpain-like membrane proteinase is required for aleurone cell development in maize grain. 22) A putative subtilisin-like serine proteinase participates in the formation of the cuticle on the Arabidopsis zygotic embryo. 23) Reduced expression of a gene encoding a ubiqutin-specific proteinase produces an embryonic lethal condition in Arabidopsis. 24) Cysteine proteinase activity has also been implicated in somatic embryogenesis in plants. The treatment of grapevine somatic embryos with the cysteine protease inhibitor aprotinin blocked embryogenic development after the globular-shaped embryo stage. 25) High levels of cysteine proteinase in petunia callus or garlic suspension cells were quickly reduced in somatic embryos. 26, 27) In an earlier observation, it was noted that a few protein bands disappeared on 2-D gels of samples taken y To whom correspondence should be addressed. Fax: +81-235-28-2868; E-mail: wmitsu@tds1.tr.yamagata-u.ac.jp Abbreviations: E-64, L-3-trans-Carboxyoxirane-2-Carbonyl-L-Leucyl-Agmatine; 2,4-D, 2,4-dichlorophenoxyacetic acid; NEM, N-Ethylmaleimide; PAGE, polyacrylamide gel electrophoresis; TLCK, N-p-Tosyl-L-lysine chloromethyl ketone hydrochloride; TPCK, N-p-Tosyl-L-phenylalanine chloromethyl ketone during carrot somatic embryogenesis. 28) Carlberg and his colleagues detected serine-and cysteine-proteinase activities in extracts from carrot somatic embryos at late stages of development, i.e., the heart-, and torpedostages, but not in extracts from early embryo stages. 29) In addition, the proteasome subunit C2 was detected in the nuclei of globular-shaped embryos; it gradually disappeared between the heart-and torpedo-shaped stages. 30) It is possible that proteinases with inductions that are dependent upon the developmental stage may be critical in somatic embryogenesis. Many questions remain concerning these enzymes, including their compositions.
In this paper, in order to identify the specific proteinase(s) that contribute to the development of carrot somatic embryos, we used an activity-staining method to detect these enzymes in differentially developed embryos. A sequential change in the cysteine proteinase spectrum was observed during the development. Second, we isolated seven cDNAs encoding putative cysteine proteinases from suspension cells and developing somatic embryos; each gene displayed a specific expression pattern according to semi-quantitative RT-PCR.
Materials and Methods
Induction of somatic embryos from cultured cells. Carrot (Daucus carota L. cv US-Harumakigosun) seeds were purchased from Yokohama Ueki Co. (Yokohama, Japan). Hypocotyl segments (10-day old) were incubated on MS-agar medium containing 2,4-D (1 mg/l). 31) After a few months, the grown yellow-calli were inoculated into MS medium containing 2,4-D to proliferate suspension cells. Cell clusters were grown in 300 ml MS medium containing 2,4-D (1 mg/l) on a gyratory shaker (80 rpm) at 25 C in the dark for a few months with subculturing every ten days. Somatic embryos were induced basically by the procedure of Satoh et al. 32) Cell clusters (38 m to 63m in longitudinal length) were collected on stainless steel mesh, rinsed three times with MS medium without 2,4-D, centrifuged at 100 Â g to pack the cells, and inoculated at a density of 0.2 ml packed cell volume per l of MS medium. The suspension cells (200 ml) were cultured with shaking at 80 rpm at 25 C in the dark. Somatic embryos were harvested at different morphological stages based on the time after embryo induction, i.e., at Day 0 (inoculation time), Day 8 for globularshaped embryos, Day 10 for heart-shaped embryos, and Day 12 for torpedo-shaped embryos. To ensure the collection of homogenously developed embryos, embryos of similar size were harvested using stainless steel meshes as follow; globular-shaped embryos, longitudinal lengths from 100 to 200 m; heart-shaped embryos, 200-500 m; and torpedo-shaped embryos, longer than 800 m. For late torpedo-shaped embryos (about 2,000 m in lenght), Day 16 embryos were used. To produce young plantlets, these embryos were transferred to MS-agar medium and incubated for ten more days under light. Samples were stored at À80 C until use.
Staining for proteinase activity after native PAGE. Plant materials were extracted on ice using a mortar and pestle with 50 mM potassium phosphate buffer, pH 7.0, containing 20 mM 2-mercaptoethanol (2-ME) and 16% glycerol; 1 ml buffer solution was used per g fresh weight of materials. After centrifugation at 30;000 Â g for 40 min at 4 C, supernatant fractions were desalted on a NAP-10 column (Pharmacia Biotech, Uppsala, Sweden) and used as crude enzyme solutions.
Native PAGE was done according to Hedrick and Smith's method. 33) The stacking gel consisted of 2.8% (w/v) acrylamide and 0.25 M imidazole-HCl buffer, pH 5.7; riboflavin (5 Â 10 À4 %, w/v) and potassium persulfate (1:5 Â 10 À2 %, w/v) were used to activate acrylamide polymerization. The separation gel (10%-acrylamide) contained 0.5 M Tris-HCl buffer, pH 7.9. TrisAsn buffer (45 mM, pH 7.3), and Tris-HCl buffer (62.5 mM, pH 8.0) were used as electrode solutions for the cathode and anode, respectively. The crude enzyme solution (300 g of protein) was loaded into a well of the stacking gel, and proteins were separated at 100 V at 4 C. After PAGE, the gels were rinsed with 1 M sodium acetate buffer, pH 5.4, containing 30 mM 2-ME for a few minutes and overlaid on a gelatin plate containing 1% (w/v) swine skin gelatin (Type I from Sigma), 8% (w/v) acrylamide, 0.1% (w/v) tetramethylenediamine (TEMED), and 0.1% ammonium persulfate. The PAGE gel-gelatin plate sandwich was incubated for between 14 and 48 h at 37 C. Subsequently, the gelatin plate was soaked in 1% (w/v) amido black 10B in 7% (v/v) acetic acid. After destaining with 7% acetic acid, clear bands were present where the gelatin had been digested by the proteinases. 34) For the inhibitor studies, crude enzyme solutions were pretreated by incubation with several inhibitor solutions (1 mM PMSF, 0.3 mM TPCK, 0.3 mM TLCK, 2.5 mM NEM, 20 M E-64, 4 M pepstatin A, or 2 mM EDTA) for 20 min on ice. After native PAGE, the gels were immersed in the same inhibitor, but at 5 times the concentration (5 mM PMSF, 1.5 mM TPCK, 1.5 mM TLCK, 15 mM NEM, 50 M E-64, 20 M pepstatin-A, 10 mM EDTA), with 30 mM 2-ME for 20 min at room temperature. The gels were then placed on the gelatin plate as described above. When ZnSO 4 was used as an inhibitor, native PAGE gels were directly immersed into 10 mM ZnSO 4 without pretreatment.
Isolation of cDNA clones encoding cysteine proteinases belong to the papain family. RT-PCR was done to isolate cDNA fragments encoding cysteine proteinases belonging to the papain family. The designs of degenerate primers were based on amino acid sequences conserved among different plant species. The primers used were 5 0 -AARGAYCARGGICARTG-3
. Total RNA fractions were prepared from suspension culture cells or mixtures of somatic embryos at different developmental stages using the SDS-phenol method. 35) Single-stranded cDNA was synthesized from poly (A) þ RNA. The resulting double-stranded cDNA (about 10-20 ng) was used as a template for PCR in a reaction mixture (50 l) containing 200 M deoxyribonucleotide triphosphates, 1.5 mM MgCl 2 , 25 pmol of each primer, and 1.75 U of Expand HF (Roche Diagnostics). Samples were heated to 94 C for 2 min, followed by 40 cycles of 94 C for 1 min, 40 C for 1 min, and 72 C for 1 min, with a final extension for 7 min. Other basic procedures for molecular cloning were according to Sambrook and Russell. 35) Nucleotide sequencing. Nucleotide sequences were analyzed using a BigDye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosystems) and a DNA sequencer (model ABI PRISM 310 Genetic Analyzer, Applied Biosystems).
PCR of 5
0 Ends of cDNA. 5 0 -RACE was done using a cDNA amplification kit (Marathon, Clontech, Palo Alto, CA, USA). First-strand cDNA was synthesized from poly (A) þ RNA using each of the following genespecific antisense primers (DcCysP-1,
. Double-stranded cDNA was prepared with an adaptor according to the supplier's instructions and was put through PCR using the adaptor primer (AP1, 5 0 -CCATCCTAATACGACTCACTATAGGGC-3 0 , Clontech) provided with the kit and each of the following gene-specific antisense primers (DcCysP-1,
. PCR conditions were as descried above except that the annealing temperature was 65 C. The designs of the gene-specific primers were based on the nucleotide sequences of each PCR fragment.
PCR of 3
0 Ends of cDNA. First-strand cDNA was synthesized from poly (A) þ RNA using a dT primer incorporating the sequence of AP1. After treatment with RNase H for 20 min at 37 C, the cDNA was put through PCR using the AP1 and a gene-specific sense primer (DcCysP-1,
Database Search for Similarities and Alignments of Amino Acid Sequences. Database searches for cDNA homologies were done using BLAST software (National Center for Biotechnology Information; http://www. ncbi.nlm.nih.gov/BLAST/). For amino acid sequence alignments and phylogenetic tree construction, the ClustalW program from GenomeNet (http://www. genome.ad.jp/) or DDBJ (http://www.ddbj.nig.ac.jp/) was used.
Semi-quantitative PCR. Total RNA was extracted from frozen somatic embryos and young plantlets. Double-stranded cDNA was synthesized according to Toyomasu et al. 36) Approximately 10-20 ng of each double-stranded cDNA was used as a template for semiquantitative PCR. The forward primers used were those used for 3 0 -RACE. For the reverse primers, new antisense sequences were chosen: DcCysP-1,
0 . In addition, CSCP, a cysteine proteinase gene of germinating carrot seeds, was also amplified using the primers 5 0 -ATAAATAAAATCAAGACAAA-3 0 (sense) and 5 0 -TTGTCCCATCATTAGTTGCT-3 0 (antisense). 37) PCR reactions were done basically as described above, except that the annealing temperatures were 58 C for the control actin gene; 50 C for DcCysP-2, -4, -6, -7, and -8, 45
C for DcCysP-1 and -5; and 40 C for CSCP. Extension times were for 40 sec for the actin gene and 60 sec for the other samples. The cycle numbers for gene amplification were checked to discover the linearity of the PCR. The following numbers of cycles were done: 30 cycles for DcCysP-1, -2, -4, -5, -7 and -8; 35 cycles for DcCysP-6 and, CSCP; and 23 cycles for the actin gene. After RT-PCR, the products stained with ethidium bromide were separated by 1% (w/v) agarose-gel electrophoresis. The intensities of the PCR products were semi-quantitatively analyzed using Scion Image Beta 4.0.2. The expression levels of the genes were calculated after normalization relative to actin gene expression.
Results
Staining for proteinase activity after native PAGE Changes in the proteinase activities of non-organized cells (Fig. 1 ) and organized cells (Fig. 2) were monitored on a gelatin-substrate gel after native PAGE. In non-organized cells incubated with medium containing 2,4-D, three bands of activity with Rf values of 0.5, 0.6, and 0.7 were present between days 3 and 14 postincubation (Fig. 1) . Drastic changes in the activity bands were observed in organized cells during somatic embryogenesis (Fig. 2) . On the gel of samples from suspension cell clusters (38 to 63 m), a broad zone of activity was observed (Fig. 2, lane N) ; it consisted of more than three different bands with Rf values of 0.5, 0.6, and 0.7. After the induction of somatic embryogenesis, the intensities of these activity bands decreased rapidly, and only two bands, those with Rf values of 0.5 and 0.6, remained as faint bands in globular-shaped embryos (lane G). During embryo formation, the 0.6 band decreased and only the 0.5-band was detectable in heart-shaped embryos (lane H). The intensity of the 0.5-band increased at later stages of embryogenesis, i.e., in torpedo-shaped embryos (lane T) and late-torpedoshaped embryos (lane LT). At more advanced stages, young green plantlets exhibited the 0.5-band and a new band with an Rf value of 0.25 (lane PL). The band pattern of the late-torpedo-shaped embryos (lane LT) was similar to that of dry seed (lane S). At 48 h after imbibition, the seed pattern quickly changed (lane IS) as the intensity of the 0.5 band decreased and that of the 0.6 band increased in the seed. Although the intensities of both bands became weak with time, both were still present eight days after imbibition (lane SL).
Characterization of these proteinases using specific inhibitors
When the native PAGE separation gel was incubated with a gelatin plate, proteinase activities were observed as transparent bands on the gelatin plate after protein staining. The two primary activity bands, with Rf values of 0.5 and 0.6, were classified using specific inhibitors: PMSF, TLCK, and TPCK for serine proteinases; NEM, E-64, and ZnSO 4 for cysteine proteinases; pepstatin A for aspartic proteinases; and EDTA for metallo-proteinases. The activities of both bands were drastically inhibited by treatment with NEM, E-64, but not by treatment with the other inhibitors ( Fig. 3 and Table 1 ). These results strongly suggest that both bands represent cysteine proteinases. The other bands detected during embryogenesis were also inhibited by NEM or E-64 (data not shown).
cDNA cloning for papain family proteinase genes To isolate the major gene encoding cysteine proteinase, we focused on the largest, most common group of cysteine proteinases, the papain family. We designed degenerate RT-PCR primers based on sequences conserved among the papain family enzymes; mRNA was isolated from non-organized suspension cells and from organized cells of somatic embryos at different stages. Seven different cDNA clones, designated DcCysP-1, 2 and DcCysP-4 through -8 (Daucus carota cysteine proteinase), were isolated; the full-length cDNAs for these genes were successfully generated by 3 0 -and 5 0 -RACE.
Phylogenic relationship among these gene products and the Arabidopsis cysteine proteinase sequences available in databases are summarized in Fig. 4 . Five and two of the carrot enzymes show a relatively high relationship, respectively. The former group (DcCysP-1, -4, -5, -6, and -8) is located close together in the middleupper area, whereas later enzymes (DcCysP-2 and -7) occupy the right-middle area of the tree. At the middleupper area close to the former group, there is RD21A (At1g47128) that is responsible for dehydration, 37) and RD21A-like proteins (At5g43060, At4g11320, At4g23520, At4g11310, At3g43960, At3g19400, and At3g19390) are also located around this area. On the other hand, a senescence-specific cysteine proteinase, SAG12 (At5g45890) 38, 39) is located at the same branch with DcCysP-2 and -7.
The sequences of DcCysP-2, -5, -6, -7, -8, and CSCP 40) all possess an ER(F/W)NIN motif, EX 3 RX 2 - 8-9 , or 10-14 days. These times are corresponded to the globular-, heart-, or torpedo-shaped-embryo stages, respectively, in organized cells. After extraction of these cells, supernatant solutions were electrophoresed on native PAGE. After activity staining, gelatin hydrolytic proteinase activities were detected as transparent bands. Details are described in the Materials and Methods section.
(V/I)(F/W)X 2 NX 3 IX 3 N, 41) which is conserved in a subgroup of cysteine proteinases belonging to the C1 class family of the CA clan according to the MEROPS peptidase classification system (http://merops.sanger. ac.uk). 42) However, this motif was not observed in the DcCysP-1 and -4 sequences.
Expression patterns of the cysteine proteinase genes during somatic embryogenesis
The expression patterns of these genes are summarized in Fig. 5 . These results were based independently on three experiments and each result had reproducibility. The patterns can be classified into four different patterns, designated type A-C, based on the changes in expression during somatic embryogenesis. In type A, the transcript increases concomitantly with embryonic development. In type B, mRNAs levels decrease rapidly during somatic embryogenesis. In type C, no significant change of mRNA was observed during the embryogenesis. In these experiments, many mRNA levels were dramatically changed in non-organized cells. One possible reason for these exchanges might be a stress response because non-organized cells were fractionated, 
Discussion
To clarify the composition of the proteinase isozymes that appear during carrot somatic embryogenesis, we used an activity-staining method to detect the isozyme profile. We found that at least four proteinase (gelatin hydrolytic) activities, all categolized as cysteine proteinases, changed during somatic embryogenesis (Figs. 1  and 2 ). In addition, we found dynamic changes in the activity bands depending upon the developmental stages. For example, the activity for the band with an Rf value of 0.5 increased concomitantly with the progression of embryogenesis, while the 0.6-band was detected only in globular-shaped embryos and disappeared dramatically after that stage ( Figs. 1 and 2 ). Carlberg and his colleagues detected serine, and cysteine-proteinase activities at the heart-and torpedostages, but not at earlier embryo stages. 29) However, we could not find serine proteinase activity on our activitystained gels. Carlberg et al. used a liquid system to detect activities, and this might be one possible reason that we did not find the activity.
Although somatic and zygotic embryos do not have the same developmental program, comparisons between the biochemical changes of these embryos may provide meaningful information about the basic program of embryo morphogenesis. In the developing wheat grain, changes in several proteinase activities have been well studied. 43) More than 18 proteinases have been detected on activity-stained gels; representing four proteinase classes. Serine proteinases were more abundant at early stages; aspartic and mettallo-proteinases were more The amino acid sequences of the carrot enzyme were deduced from the nucleotide sequences of the isolated full-length cDNAs. Accession numbers of these enzymes were DcCysP-1 (AB098624), DcCysP-2 (AB098625), DcCysP-4 (AB098627), DcCysP-5 (AB098628), DcCysP-6 (AB098629), DcCysP-7 (AB098630), DcCysP-8 (AB098631), CSCP (AB057371, AB057372). Enzymes in parentheses shows carrot enzymes. Underlining indicates that the gene has the ER(F/W)NIN motif. * shows that the enzyme has an ER(F/W)NIN-like sequence. abundant at later stages; and acid cysteine proteinases were localized in the developing endosperm and had low activity. This is in contrast with our results, which revealed the major activity to be a cysteine proteinase; no significant serine, aspartic, or mettallo-proteinase activities were detected in carrot somatic embryos. It may be that the SDS-PAGE co-polymerized gelatin activity-staining method, which was reported for wheat grain, was not reliable for the analysis of carrot embryos, or there may be differences between somatic and zygotic embryos or between plant species.
To find candidate genes for the cysteine proteinase activities identified in our experiments, we cloned seven cDNAs encoding putative cysteine proteinases from suspension cells and developing somatic embryos. The expression pattern of each gene fluctuated specifically. DcCysP-1, -2, -4, and -8 mRNAs increased concomitantly with the progression of somatic embryos, but the mRNAs of the other genes did not (Fig. 5) . This suggests that DcCysP-1, -2, -4, and -8 might have important role(s) in somatic embryogenesis. One of these four genes might be a candidate for the activity band with an Rf of 0.5 (Fig. 2) . Interestingly, the cysteine protinases with the greatest similarity do not have similar expression patterns (Figs. 4 and 5 ).
These gene products were compared with the Arabidopsis cysteine proteinases on a phylogenic tree (Fig. 4) to estimate role of these carrot proteinases, because some Arabidopsis enzymes the characters of which are well known are easy to find on the tree. For example, dehydration responsible gene product, RD21A (At1g47128), 37) and RD21A-like proteins (At5g43060, At4g11320, At4g23520, At4g11310, At3g43960, At3g19400, and At3g19390) are located around the middle-upper area where DcCysP-1, -4, and -8 are located. At the right-middle area, there are xylem proteinases (At1g208550, At4g35350, and At1g09850). 44) Just under this area, senescence-specific proteinase SAG12 (At5g45890) and DcCysP-7 are present at the same branch. 38, 39) On the other hand, an other drought-inducible gene product, RD19A (At4g39090), exists at a left-middle branch. 37) There is no information for the enzymes that are located at the bottom-half of this tree. Although the location does not indicate functional similarity of these proteinases, there is a possibility that increase of mRNAs for DcCysP-1, -2, -4 and -8 mRNAs with the progression of somatic embryos may be controlled by same signals for RD21A or SAG21 from Arabidopsis. In future experiments, transgenic plants with knockout of each these genes could be investigated to clarify the role of these enzyme during somatic embryogenesis.
